Background {#Sec1}
==========

Macrophages are vital innate immune cells that are found in almost all tissues. Macrophages originate from progenitor cells in the bone marrow, circulate in the blood as monocytes, and are differentiated by the local microenvironment after extravasation into tissues \[[@CR1], [@CR2]\]. The polarization states of macrophages are largely categorized as classically activated M1 macrophages or alternatively activated M2 macrophages. M1 macrophages are activated by interferon-γ, lipopolysaccharide (LPS), or tumor necrosis factor (TNF)-α and possess pro-inflammatory and microbicidal functions. Interleukin (IL)-1, IL-12, TNF-α, and inducible nitric oxide synthase are highly expressed in M1 macrophages \[[@CR3], [@CR4]\]. M2 macrophages are induced by IL-4 and IL-13 and identified by their signature expression of arginase-1, mannose (MMR, CD206), and scavenger receptors (SR-A, CD204) \[[@CR5], [@CR6]\]. M2 macrophages are known to inhibit inflammation and promote tissue remodeling and angiogenesis \[[@CR7], [@CR8]\].

Tumor-associated macrophages (TAMs) are macrophages that are differentiated by the tumor microenvironment \[[@CR9], [@CR10]\]. Although the phenotype of different tumors are heterogeneous, the tumor microenvironment releases a number of factors, such as colony-stimulating factor-1, vascular endothelial growth factor (VEGF), C-C motif chemokine ligand 2, IL-4, IL-13, transforming growth factor-β, and IL-10, which can recruit monocytes and lead to M2-like differentiation \[[@CR11], [@CR12]\]. CD206 expression is higher on pro-angiogenic TAMs in preclinical cancer models \[[@CR13], [@CR14]\], and higher infiltration of CD206^+^ M2 TAMs has been shown to be associated with metastasis and poor prognosis in patients with lung cancer \[[@CR15]\]. CD206 has been widely used as a marker of M2-like TAMs in human tumors, including ovarian and breast cancers \[[@CR16], [@CR17]\]. Thus, CD206^+^ M2-like TAMs may be an attractive target in anticancer therapy.

We previously reported that melittin (MEL) binds preferentially to CD206^+^ M2-like macrophages \[[@CR18]\]. Moreover, the cationic and amphipathic α-helix peptide (KLAKLAK)~2~ (KLA) is a mitochondrial membrane-disrupting agent. KLA is a naturally occurring antibacterial peptide that binds to and disrupts the negatively charged bacterial membrane. It cannot cross the zwitterionic eukaryotic plasma membrane and is therefore not toxic to eukaryotic cells \[[@CR19], [@CR20]\]. Accordingly, this peptide must be fused with various other peptides to facilitate the membrane disruption ability of KLA \[[@CR21]--[@CR24]\]. After internalization of KLA peptides into the plasma membrane, they induce programmed cell death by disrupting the negatively charged mitochondrial membrane, resulting in the release of cytochrome c and induction of apoptosis \[[@CR25]\].

In this study, we aimed to ablate M2-like TAMs in the tumor stroma without affecting other leukocytes using a newly designed fusion peptide of MEL and the pro-apoptotic peptide dKLA via a with GGGGS linker to target CD206^+^ M2 macrophages in the tumor stroma. The all-[d]{.smallcaps} enantiomer form of amino acids was used for the KLA sequence to avoid degradation by proteases in vivo \[[@CR26]\]. Our results demonstrated that the novel peptide MEL-dKLA induced apoptosis in CD206^+^ M2-like TAMs with minimal interaction with CD86^+^ M1-like macrophages. Thus, these findings provided insights into novel approaches for the therapeutic targeting of TAMs in the tumor microenvironment.

Methods {#Sec2}
=======

Peptide synthesis {#Sec3}
-----------------

dKLA(d\[KLAKLAKKLAKLAK\]), MEL(GIGAVLKVLTTGLPALISWIKRKRQQ), and MEL-dKLA(GIGAVLKVLTTGLPALISWIKRKRQQGGGGS-d\[KLAKLAKKLAKLAK\]) peptides and 5-carboxyl tetramethylrhodamine (TMR)-conjugated dKLA, MEL, and MEL-KLA peptides were purchased from GenScript (Piscataway, NJ, USA). TMR was linked by amide bond at the N-terminal of the peptides. All peptides were purified to greater than 95% purity.

Cells {#Sec4}
-----

The murine Lewis lung carcinoma (LLC) cell line and the murine macrophage RAW264.7 cell line was maintained in Dulbecco's modified Eagle's medium (DMEM; Welgene, Gyeongsan, Korea) supplemented with 10% heat-inactivated fetal bovine serum (Welgene, Gyeongsan, Korea), 100 U/mL penicillin, and 100 μg/mL streptomycin (Invitrogen, CA, USA). The cells were cultured every 2--3 days until reaching 80% confluence. For M2-polarized macrophages, RAW264.7 cells were treated in complete medium with 20 ng/mL IL-4 and IL-13 for 24 h. After treatment, cells were serum-starved for 48 h. M1 macrophages were differentiated by treatment with 1 ng/mL LPS for 24 h.

Animal study {#Sec5}
------------

C57BL/6 wild-type mice were purchased from DBL (Chungbuk, Korea). For the subcutaneous tumor model, LLC cells were mixed with Matrigel matrix (Corning, NY, USA) and inoculated subcutaneously into the right flank (5 × 10^4^ cells/mouse) of the mice. Recombinant dKLA, MEL, and MEL-dKLA peptides (175 nmol/kg) were injected intraperitoneally every 3 days a total of 3 times, beginning at day 5 after tumor inoculation. All tumor tissues were harvested 12 days after tumor inoculation. For the orthotopic tumor model, 1 × 10^5^ LLC cells were injected into the left lobe of the lung under 2% isoflurane anesthesia. The surgical incision site was closed with sutures. Five days following tumor inoculation, peptide treatments (175 nmol/kg) were administered intraperitoneally every 3 days. To assess tumor formation in the left lung, mice were sacrificed on day 16 after inoculation. The left lobe of the lung was weighed and paraffin-embedded lung sections were H&E stained. Representative lung images were obtained using a SONY NEX-5 digital camera (SONY Corp., Tokyo, Japan) and stained tissue sections were visualized using light microscopy (Olympus, Tokyo, Japan). The animal studies were approved by the Institutional Animal Care and Use Committee of Kyung Hee University (KHUASP(SE)-17--087 and 18--133). All animals were maintained in a specific pathogen-free environment on a 12-h light/dark cycle with free access to food and water. Nesting sheets were used for enrichment. After the experiments were terminated, all mice were euthanized using isoflurane and cervical dislocation.

Cell viability tests and cell cycle analysis {#Sec6}
--------------------------------------------

RAW264.7 macrophages were differentiated into M1 or M2 macrophages and were then seeded at 3 × 10^4^ cells/well in 96-well plates. The next day, cells were treated with PBS, dKLA, MEL, or MEL-dKLA. After incubation with peptides for 24 h, the medium was exchanged, and cells were treated with 20 μL MTS reagent (Promega, WI, USA) to measure cell viability. Plates were incubated at 37 °C, and the absorbance was measured at 490 nm. Peptide-treated LLC cell cycle status was determined by PI staining as previously described \[[@CR18]\].

Mitochondrial apoptosis assay {#Sec7}
-----------------------------

Mitochondrial apoptosis was investigated by flow cytometry using MitoTracker RedROX (Invitrogen, CA, USA) and Annexin V-fluorescein isothiocyanate (FITC; BD Biosciences, CA, USA). Cells were seeded in 24-well plates at a density of 5 × 10^5^ cells/well. The following day, cells were treated with 0.8 μM peptides. After 1, 3, or 6 h of incubation, cells were stained with 250 nM MitoTracker for 1 h in serum-free medium. The cells were then harvested and stained with Annexin V. The cells were detected with BD FACSCalibur and data were analyzed by FlowJo software (Treestar, Inc., CA, USA).

Mitochondrial function analysis {#Sec8}
-------------------------------

Mitochondrial function was evaluated with an XF24 Extracellular Flux analyzer (Agilent, CA, USA). M2-differentiated RAW264.7 cells were seeded at a density of 3 × 10^4^ cells/well in XF-24 plates. The following day, cells were treated with 1 μM of each peptide and incubated for 3 h at 37 °C in an incubator with an atmosphere containing 5% CO~2~. Briefly, growth medium was replaced with 500 μL XF running medium (pH 7.4) supplemented with 4500 mg/L [d]{.smallcaps}-glucose (w/v), 1 mM sodium pyruvate, and 4 mM [l]{.smallcaps}-glutamine, and the plates were equilibrated in a non-CO~2~ incubator at 37 °C. Metabolic toxins (1 μM oligomycin, 0.5 μM carbonyl cyanide p-trifluoromethoxy-phenylhydrazone \[FCCP\], 0.5 μM rotenone and antimycin A \[Rot/AA\]) were loaded in cartridge drug ports. The cellular oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured in real-time by adding the drugs in order according to the manufacturer's protocol.

Mitochondrial colocalization analysis {#Sec9}
-------------------------------------

M2-differentiated RAW264.7 macrophages were incubated with TMR-conjugated dKLA, MEL, or MEL-dKLA for 2 h. Unbound peptides were washed out after incubation, and the cells were stained with 250 nM MitoTracker green (Invitrogen, CA, USA) for 30 min. After mitochondrial staining, the cells were stained with 4 μg/mL 4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, MO, USA) in phosphate-buffered saline (PBS) for 10 min. The cells were detected with laser scanning confocal microscopy (Carl Zeiss, Jena, Germany). Mitochondrial colocalization of peptides was analyzed with an LSM5 image examiner (Carl Zeiss, Jena, Germany), and the correlation coefficient was calculated based on Pearson's method.

Tissue cell preparation and flow cytometry analysis {#Sec10}
---------------------------------------------------

Tumor cells were minced into thin pieces and dissociated in DNase I (1 U/mL) and collagenase D (1 mg/mL) in DMEM. Tissues were incubated for 1 h at 37 °C with gentle agitation. The tissues were mechanically dissociated on a 100-μm nylon mesh strainer. Red blood cells were lysed with Pharmlyse buffer (BD Bioscience, CA, USA). The single cells were passed through a 40-μm nylon mesh strainer and stained with the following antibodies to observe CD4^+^ T cells (CD45^+^CD4^+^CD8^−^), CD8^+^ T cells (CD45^+^CD4^−^CD8^+^), Foxp3^+^ regulatory T cells (CD4^+^CD25^+^Foxp3^+^), dendritic cells (CD45^+^CD11b^+^CD11c^+^), and M1 (CD45^+^F4/80^+^CD86^+^) or M2 macrophages (CD45^+^F4/80^+^CD206^+^): anti-CD45-FITC, anti-CD4-phycoerythrin (PE), anti-CD8-allophycocyanin (APC), anti-CD4-FITC, anti-CD25-PE, anti-Foxp3-Alexa Fluor647, anti-CD11b-APC, anti-CD11c-APCcy7, anti-Gr1-PEcy7, anti-CD86-PEcy7, and anti-CD206-APC antibodies. Annexin-V was added prior to data acquisition to detect cell death in macrophage cell populations. Cells were detected on BD FACSCalibur and BD FACSCantoII instruments and analyzed by FlowJo software.

Immunofluorescence staining {#Sec11}
---------------------------

Tissues were fixed overnight with paraformaldehyde, dehydrated, and embedded in paraffin. Sections (4 μm thick) were cut on a rotary microtome. After deparaffinization and rehydration, sections were subjected to antigen retrieval with an autoclave in tri-sodium citrate buffer for 1 min. Slides were incubated with anti-mouse platelet endothelial cell adhesion molecule (PECAM, also known as CD31) antibodies (1:200; Santa Cruz Biotechnology, CA, USA) and visualized with Alexa-488 conjugated anti-rabbit secondary antibodies (1:500; Invitrogen, CA, USA). Slides were mounted and detected with laser scanning confocal microscopy (Carl Zeiss, Jena, Germany). All of the images were captured using an LSM5 PASCAL, and the total intensity was analyzed by Image J software.

Statistics {#Sec12}
----------

All data are representative of three independent experiments and expressed as means and standard errors of the means (SEMs). Statistical analysis was conducted using one-way analysis of variance (ANOVA) followed by Tukey's post-hoc test or two-way ANOVA followed by Bonferroni post hoc for group comparisons in Prism 5.01 software (GraphPad Software Inc., CA, USA).

Results {#Sec13}
=======

MEL-mediated delivery of the pro-apoptotic peptide dKLA into M2 macrophages induced the death of M2 macrophages {#Sec14}
---------------------------------------------------------------------------------------------------------------

To investigate whether MEL-dKLA could induce apoptosis in M2 macrophages, we tested different concentrations of dKLA, MEL, and MEL-dKLA (0.1--1 μM). dKLA was used as a control because it cannot disrupt the eukaryotic membrane. Cell viability was decreased to approximately 55--53% with the addition of 0.6--0.8 μM MEL-dKLA and 79--71% with MEL treatment alone after 24 h of incubation. The half-maximal inhibitory concentration (IC~50~) of MEL-dKLA in M2 macrophages was lower than that of MEL alone (0.85 μM with MEL-dKLA versus 1.15 μM with MEL). However, the viability of M1 macrophages was 86--66% with 0.6--0.8 μM MEL-dKLA and 74% with 0.6--0.8 μM MEL. Thus, there was no significant difference in IC~50~ between MEL and MEL-dKLA (1.06 μM with MEL-dKLA versus 1.02 μM with MEL) in these cells. Moreover, no toxicity was observed following treatment with dKLA alone (Fig. [1](#Fig1){ref-type="fig"}a, b).Fig. 1Selective cytotoxicity of MEL-dKLA in M2-differentiated RAW264.7 macrophages. (**a**, **b**) Effects of dKLA, MEL, or MEL-dKLA on cell viability after incubation for 24 h. After incubation, cell viability was measured with MTS assays. The percent cell viability was standardized based on the absorbance of the PBS-treated control. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 versus the dKLA group; \#*P* \< 0.05, \#\#*P* \< 0.01, \#\#\#*P* \< 0.001 versus the MEL group. (**c**) Cell cycle analysis revealed by propidium iodide (PI) staining. All results are expressed as means ± SEMs. (**d**, **e**) Annexin V-FITC and MitoTracker-Red CMXRos staining were measured by flow cytometry in (**d**) M1- and (**e**) M2-differentiated RAW264.7 macrophages. The cells were treated with PBS or 0.8 μM peptides. Each population of MitoTracker^low^ Annexin V^+^ cells was normalized to the population treated with PBS as a control. \**P* \< 0.05, \*\**P* \< 0.01 versus the PBS group; \#\#*P* \< 0.01 versus the dKLA group; \$*P* \< 0.05, \$\$*P* \< 0.01 versus the MEL group. (*n* = 3)

Next, we analyzed the cell cycle distribution of tumor cells to investigate whether MEL-dKLA caused nonspecific cell death in tumor cells. Our findings showed that 0.1--1 μM MEL-dKLA was not cytotoxic to LLC tumor cells in vitro (Fig. [1](#Fig1){ref-type="fig"}c).

Mitochondrial membrane disruption by MEL-dKLA induced M2 macrophage apoptosis {#Sec15}
-----------------------------------------------------------------------------

To ensure that M2 cell death was induced by disruption of the mitochondrial membrane following treatment with MEL-dKLA, we stained the cells with Annexin V and MitoTracker. MitoTracker can passively diffuse across the plasma membrane and accumulate in the mitochondria depending on the membrane potential \[[@CR27]\]. Thus, live cells with a normal mitochondrial membrane exhibit high MitoTracker fluorescence, whereas apoptotic cells with disruption of the mitochondrial membrane exhibit low MitoTracker fluorescence. Here, we focused on cells undergoing cell death by mitochondrial membrane disruption, which were marked as MitoTracker^low^ Annexin V^+^; the results were normalized to the PBS control group at each time point. Cell staining and detection were performed after incubation with each peptide at different time points (1, 3, or 6 h). For M1 macrophages, MEL and MEL-dKLA peptides had no effect after incubation for only 1 or 3 h. After 6 h of treatment, the population of MitoTracker^low^ Annexin V^+^ cells was slightly increased by MEL-dKLA treatment, although there were no significant differences among groups (Fig. [1](#Fig1){ref-type="fig"}d). In contrast, M2 macrophages incubated with MEL-dKLA showed a significant increase in MitoTracker^low^ Annexin V^+^ signals, whereas MEL treatment did not affect this signal. After 6 h, MEL-dKLA had the largest effect, with a greater number of cells undergoing mitochondrial death than that induced by MEL alone. dKLA did not cause any significant differences in mitochondrial cell death (Fig. [1](#Fig1){ref-type="fig"}e).

Additionally, we evaluated mitochondrial metabolic function in real time with seahorse assays to further support the mitochondrial targeting properties of MEL-dKLA. To minimize the potential stresses due to altered conditions, cells were treated with the peptides under normal culture conditions, and the peptides were then removed after incubation. The OCR was detected at 12 time points: three points representing basal conditions, three points representing ATP-linked respiration after the addition of oligomycin, three points representing maximal respiration after the addition of FCCP, and three points representing nonmitochondrial respiration after the addition of Rot/AA treatment to determine the respiratory capacity \[[@CR28]\]. The ECAR, which indicates the rate of glycolysis, was examined at the same time points. As shown in Fig. [2](#Fig2){ref-type="fig"}a, the basal respiration rate in the MEL-dKLA group was significantly lower than that in the PBS group. However, treatment with dKLA or MEL did not alter the basal OCR compared with PBS treatment as a control (Fig. [2](#Fig2){ref-type="fig"}a, c). MEL-dKLA also significantly reduced ATP production (Fig. [2](#Fig2){ref-type="fig"}a, d). Furthermore, the maximal respiration was significantly decreased by MEL-dKLA treatment (Fig. [2](#Fig2){ref-type="fig"}a, e). The basal glycolytic capacity did not differ significantly and was normally elevated after oligomycin treatment in all groups (Fig. [2](#Fig2){ref-type="fig"}b). Energy phenotypic plots also showed that MEL-dKLA lowered the respiration capacity under both basal and stressed conditions (Fig. [2](#Fig2){ref-type="fig"}f, g). However, the basal ECAR was not inhibited by MEL-dKLA treatment. The ECAR in the MEL-dKLA group under stressed conditions was slightly reduced compared with that in the dKLA group; however, there were no significance differences between the PBS and MEL-dKLA groups (Fig. [2](#Fig2){ref-type="fig"}f, h). These results suggested that the malfunction of mitochondrial respiration was due to the mitochondrial targeting activity of MEL-dKLA because glycolysis in the cytosol was rarely affected by peptide treatment at the same time points.Fig. 2Induction of cell death due to mitochondrial membrane disruption. (**a**, **b**) Cellular respiration (**a**) and glycolysis (**b**) of peptide-treated cells were analyzed in real time with an XF24 flux analyzer. Oligomycin, FCCP, and Rot/AA were injected into XF24 plates sequentially after the baseline measurement. The y-axis shows the OCRs or ECARs, and the x-axis indicates the measurement number. (**c--e**) Basal respiration (**c**), ATP production (**d**), and maximal respiration (**e**) were compared between the experimental and PBS-treated control groups. (**f-h**) The cell energy phenotype, OCRs, and ECARs under basal and stressed conditions. All values are means ± SEMs (*n* = 3). \**P* \< 0.05, \*\**P* \< 0.01 versus the PBS group; \#*P* \< 0.05, versus the dKLA group; \$*P* \< 0.05 versus the MEL group (*n* = 3)

To further confirm the peptide penetration and colocalization with mitochondria in M2-differentiated macrophages, we stained the cells with MitoTracker green and DAPI after incubation with 1 μM peptides for 2 h. The cells were observed under fluorescence microscopy, and quantitative analysis was performed using a PASCAL 5 LSM image examiner. The confocal images showed that MEL-dKLA significantly colocalized with mitochondria, whereas MEL did not. dKLA showed low binding with the cells (Fig. [3](#Fig3){ref-type="fig"}a). In addition, only MEL-dKLA showed a positive correlation with mitochondria (Pearson's correlation coefficient: ρ = 0.224), whereas dKLA (ρ = − 0.063) and MEL binding (ρ = − 0.336) was not associated with mitochondrial localization (Fig. [3](#Fig3){ref-type="fig"}b).Fig. 3Colocalization of MEL-dKLA with mitochondria in vitro. (**a**) Representative images of mitochondria (green), peptides (red), and DAPI (blue) are shown. (**b**) Correlation coefficients were measured by Pearson's statistics. Values ranged from − 1 to + 1, representing full negative or positive correlations. Zero indicates no correlation between the two colors. Results are expressed as means ± SEMs; \*\*\**P* \< 0.001. Scale bar, 20 μm (*n* = 3)

Together, these results indicated that MEL-dKLA could selectively induce the death of M2 macrophages via mitochondrial membrane disruption, as supported by decreased mitochondrial membrane potential.

MEL-dKLA reduced tumor growth and angiogenesis in LLC tumor-bearing mice {#Sec16}
------------------------------------------------------------------------

Previously, we reported that MEL had antitumor effects by reducing the number of M2-like TAMs in vivo. To compare the antitumor effects of MEL and MEL-dKLA in vivo, subcutaneous tumor-bearing mice received a total of three injections of PBS, dKLA, MEL, or MEL-dKLA peptides (175 nmol/kg body weight) every 3 days. Mice injected with dKLA showed a progressive increase in tumor volume, similar to the PBS-treated control group. MEL-dKLA injection successfully inhibited rapid tumor growth compared with that in the PBS control. Both tumor size and tumor weight were significantly decreased with MEL-dKLA treatment compared with those observed following dKLA treatment (Fig. [4](#Fig4){ref-type="fig"}a, b). MEL also significantly reduced tumor size, as we previously reported. Importantly, MEL-dKLA caused a significant decrease in fold change in tumors between days 5 and 12 after tumor cell inoculation as compared with that in the dKLA group (Fig. [4](#Fig4){ref-type="fig"}c). Body weights in each group did not differ (Fig. [4](#Fig4){ref-type="fig"}d). To further test the anti-angiogenic effect of MEL-dKLA, we performed immunofluorescence staining of CD31/PECAM-1 which is known as prognostic angiogenic marker. Confocal imaging revealed a marked decrease in CD31^+^ endothelial cells in MEL-dKLA group compared with PBS-injected control (Fig. [4](#Fig4){ref-type="fig"}e, f). Although MEL showed decreased level of CD31^+^ cells, there was no statistically significant difference between MEL and PBS. Together, these results showed that MEL-dKLA had increased antitumor activity compared with MEL.Fig. 4Antitumor activities of MEL and MEL-dKLA in vivo. (**a**) Tumor size, (**b**) tumor weight, (**c**) tumor size fold change, (**d**) and body weight were measured. Tumor-bearing mice were treated with each peptide every 3 days (for a total of three times) starting on day 5 after tumor inoculation. Tumor fold change was calculated based on the tumor size of the last day normalized to the initiation of tumor growth on day 5 (*n* = 5). (**e**) Immunofluorescence staining of endothelial cells in subcutaneously implanted LLC tumor paraffin sections. (**f**) Vessel density was quantified as integrated density per area (μm^2^) by Image J. Total magnification, 630×. Scale bar, 50 μm. (*n* = 6). All data are presented as means ± SEMs; \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.0001 versus the PBS group; \#*P* \< 0.05, \#\#*P* \< 0.01, \#\#\#*P* \< 0.0001 versus the dKLA group

MEL-dKLA targeted CD206^+^ M2-like TAMs in vivo {#Sec17}
-----------------------------------------------

Next, we assessed whether the MEL-dKLA peptide could be used for targeting M2-like TAMs in vivo. Tumor tissues were harvested, and single cells were stained to characterize the cell populations. F480^+^CD86^+^ M1-like macrophages were slightly increased in the MEL group compared with that in the PBS and dKLA, although there were no significance differences between the dKLA and MEL. In contrast, MEL-dKLA treatment results in a significant increase in M1-like CD86^+^ macrophages compared with that in the MEL group (Fig. [5](#Fig5){ref-type="fig"}a, b). The percentage of M2-like F4/80^+^CD206^+^ TAMs in CD45^+^ leukocytes was approximately 20% in the PBS and dKLA groups. There was no difference between PBS and dKLA groups. MEL and MEL-dKLA significantly reduced the M2-like TAMs by half compared to PBS group. The percentage of M2-like TAMs in CD45^+^ leukocytes was approximately 10% in the MEL and MEL-dKLA groups (Fig. [5](#Fig5){ref-type="fig"}a, c). Importantly, the M1/M2 ratio was significantly higher in the MEL-dKLA group than in the MEL group, although M2-like TAMs were significantly decreased in the MEL and MEL-dKLA groups compared with those in the PBS and dKLA groups (Fig. [5](#Fig5){ref-type="fig"}d). The exact number of M1- or M2-like TAMs in all the single cells of the tumor stroma showed similar results (Fig. [5](#Fig5){ref-type="fig"}b-d). The number of M1-like TAMs was significantly increased by MEL-dKLA. As expected, the number of M2-like TAMs was decreased both in the MEL and MEL-dKLA groups. Furthermore, the M1/M2 ratio calculated using absolute counts was significantly increased by MEL-dKLA. More importantly, we confirmed that the M1- and M2-like splenic resident macrophage numbers were unaffected by MEL or MEL-dKLA treatment (Fig. [5](#Fig5){ref-type="fig"}e, f). Other leukocytes, such as CD4 T cells, Foxp3^+^ Tregs, CD8 T cells, and dendritic cells, in the tumor stroma were not affected by MEL or MEL-dKLA treatment (Fig. [5](#Fig5){ref-type="fig"}g-j).Fig. 5Selective reduction of the M2-like TAM population by MEL and MEL-dKLA. (**a**) M1-like macrophages that infiltrated into the tumor stroma were stained as CD45^+^F4/80^+^CD86^+^ (upper panel) and M2-like TAMs were marked as CD45^+^F4/80^+^CD206^+^ (bottom panel). The cells are shown as dot plots within the F4/80 and CD86 or CD206 axis gated on CD45^+^ cells from total live-gated cells. (**b**, **c**) Data for each cell phenotype are displayed as the percentages of M1- and M2-like TAMs in CD45^+^ cells (left panel) and the exact number of M1- and M2-like TAMs counted per 10^4^ total single cells (right panel). (**d**) The M1/M2 ratio was calculated based on the percentage of F4/80^+^CD86^+^ cells and F4/80^+^CD206^+^ cells in CD45^+^ cells (left panel) or using the counted population in total sing cells (right panel). (**e**, **f**) The number of tissue-resident M1 or M2 macrophages were counted per 10^4^ total single cells. (**g**) CD4 T cells (CD45^+^CD4^+^CD8^−^), (**h**) regulatory T cells (CD4^+^CD25^+^Foxp3^+^), (**i**) CD8 T cells (CD45^+^CD4^−^CD8^+^), and (**j**) dendritic cells (CD45^+^CD11b^+^CD11c^+^) were detected within total live-gated cells. All values are presented as means ± SEMs (*n* = 5); \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.0001 versus the PBS group; \#*P* \< 0.05, \#\#*P* \< 0.01 versus the dKLA group; and \$*P* \< 0.05 versus the MEL group (*n* = 5)

To assess whether the selective cell death of M2-like TAMs was observed in mice, we detected apoptotic cells by staining Annexin V after gating on M1-like TAMs (F4/80 and CD86 double positive) or M2-like TAMs (F4/80 and CD206 double positive) respectively. As expected, no significant increase of Annexin^+^ apoptosis was observed in CD86^+^ M1-like TAMs in all groups compared to PBS control group (Fig. [6](#Fig6){ref-type="fig"}a). Importantly, although the population of M2-like TAMs was decreased in both the MEL and MEL-dKLA groups (Fig. [5](#Fig5){ref-type="fig"}), only MEL-dKLA treatment led to significant increase of cell death in CD206^+^ M2-like TAMs (Fig. [6](#Fig6){ref-type="fig"}b). The percentages of apoptotic cells were markedly higher in M2-like TAMs than in M1-like TAMs after treatment of MEL-dKLA (Fig. [6](#Fig6){ref-type="fig"}c). These data indicated that MEL-dKLA selectively induced the apoptosis of M2-like TAMs and enhanced antitumor activity, resulting in a greater increase in the M1/M2 ratio compared with MEL.Fig. 6Selective cell death of M2-like TAMs by MEL-dKLA in the tumor stroma. (**a**) The representative histograms of Annexin^+^ cells in F4/80^+^CD86^+^ M1 macrophages or (**b**) F4/80^+^CD206^+^ M2 macrophages were normalized to maximum peak and displayed as half offset histograms. (**c**) The percentages of Annexin V^+^ cells in M1 or M2 macrophages are shown in a bar graph. \*\**P* \< 0.01 versus the PBS group, \#\#*P* \< 0.01 versus the dKLA group, \$\$*P* \< 0.01 versus the MEL group, &&&*P* \< 0.0001 versus the M1 group (*n* = 6)

MEL-dKLA inhibited orthotopic tumor growth {#Sec18}
------------------------------------------

Based on the specific targeting of M2-like TAMs by MEL-dKLA in the subcutaneous model, we further assessed whether the strong antitumor effect of MEL-dKLA can be applied to an orthotopic model of LLC. As shown in Fig. [7](#Fig7){ref-type="fig"}, tumor implantation of LLC cells showed rapid growth in the PBS and dKLA groups. MEL-dKLA successfully inhibited rapid tumor growth, whereas MEL failed to reduce the orthotopically-injected tumor growth (Fig. [7](#Fig7){ref-type="fig"}a). H&E staining showed a significant decrease in tumor area after MEL-dKLA treatment when compared to PBS and dKLA treatments. MEL-dKLA also showed significant difference compared to MEL (Fig. [7](#Fig7){ref-type="fig"}b). Moreover, tumor volume and left lung weight were significantly reduced after MEL-dKLA treatment suggesting an enhanced antitumor activity of MEL-dKLA when compared to MEL (Fig. [7](#Fig7){ref-type="fig"}c, d).Fig. 7Antitumor effect of MEL-dKLA in an orthotopic model of lung cancer. (**a**) Representative images showing the lungs of wild mice (WT) and LLC tumor-inoculated mice treated with 175 nmol/kg of each peptide every 3 days. Drugs were administered 5 days after tumor injection into the left lung. Tumors are marked with black arrows. Size bar, 1 cm. (**b**) Representative H&E-stained histologic sections of the paraffin-embedded left lung. Magnification, × 1.5; size bar, 1 mm. Percentage of tumor area was calculated as tumor area per total area by Image J (left bottom panel). (**c**) Tumor size and (**d**) weight of left lung were measured at the end of the experiment on day 16. \**P* \< 0.05, \*\**P* \< 0.01 versus the PBS group; \#*P* \< 0.05, \#\#*P* \< 0.01 versus the dKLA group; \$\$*P* \< 0.01 versus the MEL group (*n* = 7 per group; WT *n* = 4)

In summary, MEL-dKLA successfully eliminated M2-like TAMs by inducing mitochondrial apoptosis in cells, resulting in the inhibition of angiogenesis and tumor progression. These results suggested that MEL-dKLA may effectively target M2-like TAMs in cancer therapy and showed improved antitumor activity compared with MEL.

Discussion {#Sec19}
==========

Previously, we reported that MEL exhibited much higher binding affinity to CD206^+^ M2-like macrophages than CD86^+^ M1-like macrophages \[[@CR18]\]. Although MEL significantly reduced the population of CD206^+^ M2-like TAMs and tumor growth in the previous study, it failed to increase M1 macrophages in the tumor sites. Furthermore, high MEL dosage can cause side effects because of its cytolytic nature, and thus therapeutic dosage is limited. To overcome this limitation and enhance MEL antitumor activity, we sought to improve the targeting of M2-like TAMs with apoptotic potential. Thus, we designed a hybrid peptide named MEL-dKLA, composed of the MEL and d (KLAKLAK)~2~ (dKLA) peptides, based on the binding properties of MEL with M2-like TAMs to specifically induce programmed cell death of M2-like TAMs in the murine tumor stroma. This enabled MEL-dKLA to effectively eliminate the M2-like TAMs with a non-cytotoxic dose of MEL. We then compared the M2-like TAM-targeting effects of MEL and MEL-dKLA. Consequently, we found that MEL-dKLA successfully reduced tumor progression and angiogenesis by eliminating the tumor-protective M2-like TAMs in the tumor stroma and inducing selective cell death in M2-like TAMs. These findings demonstrated the importance of M2-like TAMs in the regulation of tumorigenicity and supported a previous study that showed MEL could selectively bind to M2-like TAMs, showing low affinity with M1-like macrophages and other leukocytes. This suggests that the M2-specific binding nature of MEL is maintained even after drug conjugation. Given that high TAM infiltration is associated with poor prognosis of solid tumors and that M2-like TAMs are upregulated in hypoxic tumor areas, which supports metastasis at early stages \[[@CR29], [@CR30]\], targeting M2-like TAMs with MEL-dKLA could potentially be used in many cancer types, including metastatic cancer, to effectively inhibit tumor cell progression. M2-like TAMs have also been shown to increase in the tumor microenvironment after conventional chemotherapies, which results in enhanced chemoresistance via upregulation of survival factors \[[@CR31], [@CR32]\]. After combined treatment with paclitaxel and PLX3397, colony stimulating factor 1 (CSF1) receptor antibodies were reported to enhance chemotherapeutic response with a significant increase in CD8^+^ cytotoxic T cell infiltration. Similar results were observed in the combination model containing anti-CD11b or anti-CSF1 antibodies with paclitaxel or carboplatin \[[@CR33]\]. Furthermore, the AMD3100 (CXCR4 inhibitor)-induced blocking of M2-like TAM skewing not only increased survival, but also showed enhanced inhibition of tumor growth \[[@CR34]\]. Thus, combining conventional chemotherapy with immunotherapy, which targets M2-like TAMs via MEL-dKLA, could facilitate higher chemosensitivity.

Recently, immune checkpoint-blocking antibodies have been reported to show successful clinical outcomes. Targeting the cytotoxic T-lymphocyte antigen-4 (CTLA-4) and programmed cell death protein (PD-1) axis, which are typical negative regulators of T cells or NK cells that induce cell exhaustion, garnered great success (and is now FDA-approved) by eliciting cytotoxic T cell activation in various cancers such as melanoma, non-small lung cancer, renal cancer, and bladder cancer \[[@CR35]\]. However, most patients have been reported to show resistance to checkpoint therapies in solid tumors despite the initial success of anti-CTLA-4 and anti-PD-1/PD-L1. Recently, increasing evidence indicated chemotaxis-induced accumulation of M2-like TAMs, such as CSF1, C-C motif chemokine ligand (CCL) 2, CCL3, and CCL13, as one of the major causes of checkpoint blocker limitation \[[@CR36]\]. Zhu et al. reported that anti-CTLA-4/anti-PD-1 blockers along with PLX3397 successfully enhanced the antitumor activity of checkpoint inhibitors accompanied with improved CD8^+^ and CD4^+^ T cell activity \[[@CR37]\]. Arginase-1 inhibitor, CB-1158, combined with PD-L1 or CTLA-4 blockade also synergized the tumor suppressive effect on primary tumors and metastases and markedly prolonged the survival, even though low efficacy was observed with monotherapy \[[@CR38]\]. Anti-macrophage receptor with collagenous structure (MARCO) antibody, which is reported to reduce TAM populations by switching macrophages into pro-inflammatory phenotypes, also promoted CTLA-4 checkpoint therapy \[[@CR39]\]. The enhanced antitumor effects of combination therapy on checkpoint blockade with M2-like TAM targeting agents are repeatedly observed in solid tumor models such as lung cancer, colon cancer, melanoma, and especially in breast cancer. Furthermore, TAMs were recently reported to counteract the antitumor effect of the PD-1/PD-L1 blockade by directly removing anti-PD-1 antibodies from PD-1^+^ CD8^+^ T cells using the FC-gamma receptor (FcγR) on TAMs \[[@CR40]\]. These studies suggest that M2-like TAM accumulation is crucial to the efficacy of the immune checkpoint blockade. Thus, targeting M2-like TAMs in combination with checkpoint inhibitor therapies can be a promising strategy in enhancing the anticancer effects of either therapy alone.

TAM density in the tumor stroma is usually associated with tumor progression and angiogenesis or metastasis; however, macrophage elimination does not always produce expected effects because it can affect resident macrophages that had vital roles in host defense \[[@CR41]\], without distinguishing between cells with various functions or phenotypes. Interestingly, several surface receptors such as CD11b, CD206, and CD204, which are used to target TAMs \[[@CR13], [@CR42], [@CR43]\], are known to be highly-expressed not only in TAMs, but also in dendritic cells; therefore, targeting these molecules may cause adverse effects. In our current findings, MEL-dKLA increased the number of CD86^+^ M1-like macrophages without cell death and successfully decreased the number of CD206^+^ M2-like TAMs via selective cell death. No significant changes to dendritic cells were observed. Thus, these results indicated MEL-dKLA to be the perfect agent to combat cancer as it exhibited a high M1/M2 ratio which is actually associated with increased survival and antitumor effects in clinical studies \[[@CR44]\], without affecting other types of leukocytes such as dendritic cells.

To extend the targeting strategy of M2-like TAMs with MEL-dKLA in human studies, it is important to identify the phenotypes of human TAMs. As murine macrophages, human macrophages are largely divided into M1- and M2-phenotypes, with TAMs generally exhibiting the M2-like suppressive phenotype \[[@CR45]\]. Except for arginase-1, ym1, and Fizz-1 that are lacking in human M2-like TAMs \[[@CR46], [@CR47]\], human and mouse macrophages often share a lot of phenotypic characteristics. CD163, CD206, and CD204 (the receptors that are closely correlated with poor clinical prognosis \[[@CR44], [@CR45]\]) are regarded as the human M2 phenotype markers, which are also highly expressed on murine M2 macrophages. Although the molecular mechanisms and specific binding site of MEL with respect to M2-like TAMs need to be explored to enable the precise targeting of human TAMs, the binding affinity of the peptide and M2-like TAMs can easily be investigated via binding assays using peptides conjugated with fluorescent M1 or M2 macrophages within the mixed populations of human cells. Further investigation determining the clinical relevance of MEL-dKLA in human immune cells is needed.

Finally, we expect that MEL modification will enable the precise targeting of M2-like TAMs exhibiting weak cytotoxic activity. The 26-residue MEL is known to have 2 different fragments: 1--7 that shows strong antimicrobial and lytic activities, and 8--26 that has weak lytic activity on phospholipid membranes \[[@CR48], [@CR49]\]. H. Kyung et al. also reported that the 1--14 MEL fragment exhibited enhanced intracellular uptake in tumor cells with lower toxicity \[[@CR50]\]. These studies suggested that further applications of fragmented MEL derivatives can not only enhance the efficacy of drug delivery, but can also be utilized as a drug carrier to M2-like macrophages.

Conclusions {#Sec20}
===========

Overall, this study showed that MEL-dKLA may have applications as a novel antitumor agent in targeting M2-like TAMs by inducing mitochondrial death. The data demonstrated the importance of targeting M2-like TAMs and supported the tumor-promoting effects of CD206^+^ TAMs. Thus, the peptide-MEL conjugation strategy can be used for further applications in drug delivery in order to reprogram or target M2-like macrophages.
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